Aims Leaf and wood plasticity are key elements in the survival of widely distributed plant species. Little is known, however, about variation in stomatal distribution in the leaf epidermis and its correlation with the dimensions of conducting cells in wood. This study aimed at testing the hypothesis that Podocarpus lambertii, a conifer tree, possesses a well-defined pattern of stomatal distribution, and that this pattern can vary together with the dimensions of stem tracheids as a possible strategy to survive in climatically different sites. † Methods Leaves and wood were sampled from trees growing in a cold, wet site in south-eastern Brazil and in a warm, dry site in north-eastern Brazil. Stomata were thoroughly mapped in leaves from each study site to determine a spatial sampling strategy. Stomatal density, stomatal index and guard cell length were then sampled in three regions of the leaf: near the midrib, near the leaf margin and in between the two. This sampling strategy was used to test for a pattern and its possible variation between study sites. Wood and stomata data were analysed together via principal component analysis. † Key Results The following distribution pattern was found in the south-eastern leaves: the stomatal index was up to 25 % higher in the central leaf region, between the midrib and the leaf margin, than in the adjacent regions. The inverse pattern was found in the north-eastern leaves, in which the stomatal index was 10 % higher near the midrib and the leaf margin. This change in pattern was accompanied by smaller tracheid lumen diameter and length. † Conclusions Podocarpus lambertii individuals in sites with higher temperature and lower water availability jointly regulate stomatal distribution in leaves and tracheid dimensions in wood. The observed stomatal distribution pattern and variation appear to be closely related to the placement of conducting tissue in the mesophyll.
INTRODUCTION
The water transport system was one of the most important innovations to arise during the colonization of terrestrial environments by higher plants. Previously limited to cell-to-cell conduction, water transport within specialized tissue, and in an opposite direction to that caused by gravity, evolved (Tyree et al., 1994) , primarily as a result of the difference in water potential induced by stomatal regulation of evapotranspiration (Dixon and Joly, 1895) . Although stomata arose earlier than conducting tissues in the evolutionary history of terrestrial plants, they play a crucial role in preventing embolism in the xylem of vascular plants (Raven, 2002; Sangsing et al., 2004; Bush et al., 2008) . Safe water transport thus requires that wood properties and stomatal properties be coordinated. Among the mechanisms that plants use to cope with the diverse array of environmental conditions in the terrestrial environment, and with variation in environmental conditions across space and time, is tissue plasticity.
Through wood plasticity, vascular plants commonly adopt strategies that allow them to survive even in conditions that favour the formation of embolisms. Conditions of water stress can result in an increase in tension in the water column inside the xylem that may cause formation of air bubbles within conducting cells and loss of local hydraulic conductivity (Tyree and Sperry, 1989) . Those wood plasticity strategies have been documented across species, genera and families (Baas, 1973; van der Graaf and Baas, 1974; Carlquist, 1977; van den Oever et al., 1981; Baas et al., 1983; Noshiro and Baas, 1998) , and are based on the trade-off between safety and efficiency in water conduction. Conducting cells with a larger diameter are more efficient at conduction, but have a higher propensity for forming embolisms. On the other hand, smaller conducting cells tend to be safer with respect to embolism, but are less efficient in conduction (Zimmermann, 1983) .
Another example of how plants use plasticity to cope with environmental variation is variation in stomatal density and stomatal size in leaves (Wang et al., 2007) . While plants are capable of opening and closing the ostiole, maximum stomatal conductance also depends on stomatal density (Hetherington and Woodward, 2003) . In general, higher stomatal density, associated with shorter individual stomata, is related to conditions of low water availability (Fraser et al., 2009; Sanches et al., 2010) . In leaves with these characteristics, the process of opening and closing stomata is much faster, thereby permitting a quicker control of evapotranspiration (Hetherington and Woodward, 2003) .
In addition to stomatal density and stomatal control, another factor that makes an important contribution to water exchange between plants and their environment is stomatal distribution (Wang et al., 2007) . Although studying stomatal distribution is relatively simple, since it is limited to two-dimensional patterns, this morphological character remains poorly known (Smith et al., 1989; Poole et al., 1996 Poole et al., , 2000 Lawson et al., 2002; Martins et al., 2012) . Single measurements of data such as stomatal density in standard places of leaves can provide misleading results unless the researcher previously knows the stomatal distribution of the species being studied. Knowledge about stomatal distribution also opens the door for testing new hypotheses about patterning mechanisms (Croxdale, 2000) .
The amplitude of plastic variation, both in leaves and in the stem, is one of several factors that can determine a species' geographic distribution, because it establishes a range of selective pressures beyond which a species cannot survive. The species Podocarpus lambertii (Podocarpaceae), although primarily associated with cold and wet climate sites (Ledru et al., 2001) , has a widespread current distribution. There are continuous populations of P. lambertii in southern and south-eastern Brazil (temperate and sub-tropical to tropical climates, respectively) and isolated populations in northern and north-eastern Brazil (tropical and semi-arid climate), where it occurs in refugia that appear to be remnants of a broader distribution in pre-Quaternary times (Ledru et al., 2007) . This widespread distribution is a convenient trait for studying how P. lambertii modifies wood and leaf plasticity to persist in these refugia, which represent the limits of its modern-day distribution. As a typical conifer genus, tracheids are the conducting cells of Podocarpus spp. wood (Greguss, 1955) , and those are the cells that may be subject to plastic responses within P. lambertii secondary xylem. The leaves of this species also provide an advantage for studies of ecological variation in leaf plasticitiy, and particularly studies of stomatal distribution, due to the presence of just one, central vein. Since stomata are often absent in epidermal regions close to leaf veins, the presence of two or more veins may result in more complex stomatal patterns (Croxdale, 2000) .
The objectives of this study were: (1) to determine whether the leaves of P. lambertii have a well-defined pattern of stomatal distribution; (2) to test the hypothesis that this pattern can change in populations exposed to varying environmental conditions; (3) to test the hypothesis that stem tracheid dimensions vary between study sites; and (4) to test the hypothesis that there is a correlation between plastic variation in tracheids and stomata, since these two structures are closely related to each other.
MATERIALS AND METHODS

Collection sites and sampling
We collected branches with sun leaves and 2 -4 wood samples at diameter at breast height (DBH) using an increment borer (diameter of 5 and 12 mm) or full disk sections from five Podocarpus lambertii Klotzsch ex Endl. individuals in each of two geographically distant populations (Fig. 1A) . Fig. 1B ). The individuals sampled at the southeastern site were growing in the understorey of a Montane Tropical Forest, a typical habitat for the species, while the individuals collected at the north-eastern site were growing on a mountain formed by rocky outcrops within a matrix of Caatinga, a vegetation type typical of Brazil's semi-arid regions. The P. lambertii individuals at the north-eastern site were growing close to the outcrops, which may create a favourable microclimate for the species. Climatic data from the two study regions were obtained from Brazil's National Meteorology Institute (INMET; Ramos et al., 2009) . Climate diagrams were made with the 'climatol' package (Guijarro, 2011) in the R software program (R Development Core Team, 2011).
Histological preparations
Ten fully developed leaves were selected on each individual. The epidermis was separated by boiling the leaves in 95 % ethanol for approx. 8 min, and immediately afterwards boiling them in a solution of 95 % ethanol and 5 % sodium hydroxide (1:1) for a futher 8 min. The leaves were then placed in 50 % sodium hypochlorite for 24 h at ambient temperature (modified from Strittmatter, 1973) . The abaxial surface of the epidermis was separated from the mesophyll and immediately afterwards dehydrated in an ethanol series, stained using the double-staining method with astra blue (0 . 5 %) and safranin (1 %) according to Bukatch (1972) , and mounted on slides. We also made transverse sections by hand of some leaves using razor blades.
Wood samples were softened by boiling in a 1:1 water and glycerine solution, and anatomical sections in the transverse plane were obtained with a sliding microtome (Leica). These sections were stained using the double-staining method with astra blue (0 . 5 %) and safranin (1 %) according to Bukatch (1972) , and mounted on slides. A portion of each sample was reserved for maceration using the technique described by Franklin (1945) . Macerated wood samples were stained with safranin (1 %).
Maps of stomatal distribution
Three epidermis samples from each site were randomly selected for mapping of all stomata in half of each leaf (i.e. to one side of the midrib). The entire abaxial surface of each epidermis was photographed with a Leica digital photographic microscope in partial images that were later combined into a full image of each leaf with the GIMP 2 . 6 . 11 software program. To count stomata, we overlaid a digital grid on each full epidermis image using the ImageJ software program (Rasband, 2011) . Stomata were counted within grid cells measuring 0 . 085 mm 2 . This size was established as a compromise between an excessively small grid cell, in which the presence of a single stoma could be very significant, and an excessively large grid cell, which would reduce sampling resolution. Each leaf was mapped in Cartesian coordinates, with x indicating distance along the major axis of the leaf (in the same direction as the midrib) and y indicating distance along the minor axis of the leaf (from the midrib to the margin). We sampled between 614 and 958 grid cells on each leaf, depending on leaf size. Based on these measurements, contour plots were constructed using the JMP 5 . 0 . 1 software (SAS Institute Inc., 1998 -2002 .
Our analysis of the stomatal distribution pattern only took into account variation along the minor axis of the leaf, due to the lesser complexity in identification and analysis. To verify patterns identified in the maps, we sampled three regions in the central portion of the leaf's major axis: the region closest to the midrib (MR), the region closest to the leaf margin (M) and the midpoint between these two areas (C). At each of these regions, we sampled three replicates in ten leaves from each individual. For each replicate, we collected paired data on stomatal density, stomatal index and the mean guard cell length of five stomata. Stomatal index (SI), as defined by Salisbury (1928) , was calculated as the ratio between stomatal density (SD) and the sum of SD and the density of common epidermal cells (ECD), which are those not differentiated into stomata, as follows:
Measurements of anatomical wood variables
Using at least two transverse wood sections per individual sampled, we measured tangential lumen diameter, which is the cavity within the cell wall, and tracheid wall thickness. With the digital images of the slides containing macerated wood, tracheid length was measured. All measurements were performed using the ImageJ software program (Rasband, 2011) . For each variable, 30 measurements were taken, always in the earlywood portion of the growth rings.
Leaf traits
Leaf area was measured on one side surface of ten additional leaves obtained from each specimen herbarium voucher. Leaf area, including the petiole, was measured in scanned leaf images using the ImageJ software program (Rasband, 2011) . The leaf dry mass was also measured for all 100 leaves. The leaf mass per area (LMA) was calculated as the ratio between the leaf dry mass and leaf area.
Data analysis
To test for the existence of a well-defined distribution pattern, analyses of variance (ANOVAs) were performed within each population to compare stomatal index and stomatal length at the three sampling regions along the minor axis of the leaves. Stomatal density was not used in this analysis, because stomatal index and stomatal density are not independent variables. Differences between the sampling regions on the leaves were examined with Tukey -Kramer tests. Analyses were carried out with the R software program (R Development Core Team, 2011). Also, a Student's t-test was performed to evaluate the differences in leaf traits of specimens from both sampling sites.
To determine how anatomical attributes of wood and leaves differed from each other and between study sites, we performed a principal component analysis (PCA) with the 'vegan' package (Oksanen et al., 2011) of the R software program, as well as descriptive statistics of the variables used in the PCA.
Finally, to facilitate interpretation of the results, the HagenPoiseuille Equation of Perfect Conductors was applied to the mean lumen diameter of the tracheids at each study site:
where k is conductance, r is the radius of the transverse section of the tube, and h is the viscosity of the liquid. As h can be considered trivial in the conduction of sap in the xylem (Zimmermann 1983) , the ratio between the conductance of the two sampling sites, using the mean radius data, was calculated with the following formula (indices s ¼ south-east and n ¼ north-east):
The leaves of P. lambertti are hypostomatic and possess paratetracytic-type stomata arranged in longitudinal rows ( Fig. 2; Orr, 1944) . Those leaves have a sub-dermal layer of longitudinally arranged sclereids that never underlay stomata rows ( Fig. 2A) . As can be observed in Fig. 3 , these sclereids mainly occur in the regions near the midrib, near the leaf margin and throughout the adaxial surface. We also observed that the region which has stomata, and which thus does not have the above-mentioned sclereids, is directly below the transfusion tissue and accessory transfusion tracheids, which are densely pitted cells. A count of all stomata in the halves of six P. lambertii leaves generated the stomatal distribution maps shown in Fig. 4 . Maps in Fig. 4A -C are based on south-eastern leaves and those in Fig. 4D -F are based on north-eastern leaves. In the stomatal maps from both study sites, there are no stomata immediately below the midrib ( y ¼ 0 mm) or at the leaf margin. The highest stomatal densities in the south-eastern leaves are located in the central region of the leaf, between the midrib and the margin, while the highest densities in the northeastern leaves are generally closer to the midrib and the margin. In the central region of the north-eastern leaves, there is a trend towards lower stomatal density.
The distribution pattern revealed by the maps was tested with measurements of stomatal index and stomatal length in a total of 100 leaves from the two populations. Table 1 shows the result of an ANOVA comparing three sampling regions within leaves: close to the midrib (MR), close to the margin (M) and halfway between them (C). In the southeastern leaves, Tukey -Kramer test showed that stomatal index values in the three regions of those leaves are different. The mean stomatal index in region C is 25 % higher than the mean in the MR region and 15 % higher than in the M region. In north-eastern leaves, Tukey -Kramer test showed that stomatal index mean values are only different in the C region, being on average 10 % lower in the C region than in the MR and M regions. Since the stomatal index is a measurement of relative abundance, regions with a higher index have a larger fraction of epidermal cells differentiated into stomata. Differences in the distribution pattern of stomatal lengths are not as clear. South-eastern leaves have larger stomata in the MR region, smaller stomata in the C region and similarly sized stomata in the C and M regions. North-eastern leaves have the largest stomata in the MR region and the smallest in the M region. Stomata in the C region are of an intermediate size that is significantly different from both MR and M stomata.
Differences were also found in measured leaf traits. Student's t-test shows a significant difference in leaf area, leaf dry mass and LMA of specimens sampled in the different sampling sites. Individuals from the north-east population have leaves with higher values of area, mass and LMA (Table 2 ). These differences are quite relevant, being on average 49 % higher for leaf area, 87 % higher for leaf mass and 25 % higher for LMA.
The PCA analysis of both stomatal and wood anatomy data summarizes the relationships between primary variables that distinguish the stomata and wood of individuals from the two study sites (Fig. 5 and Table 3 ). Stomatal density and stomatal index in the MR and M regions are higher in northeastern individuals, but there is no difference between study sites for these variables in the C region. Stomatal length tends to be higher in the south-eastern population, independent of the sampling location on the leaf. We also noted a low negative correlation between stomatal density and stomatal length.
Tracheid data show that south-eastern individuals tend to have larger diameter lumens, longer cells and thinner cell walls (Figs 5 and 6) . PCA also shows a negative correlation between lumen diameter and stomatal density and stomatal index in MR and M regions for individuals from both sampling sites. There was no similar correlation with stomatal density and stomatal index in the C region. Table 4 presents descriptive statistics of the variables used in the PCA. Using the tracheid lumen diameter measurements from each study site, the conductivity of these cells was calculated. The conductivity ratio of the tracheids in wood of southeastern individuals is on average 2 . 8 times higher than that of the north-eastern individuals.
DISCUSSION
A high resolution sampling in the abaxial epidermis of some individuals of P. lambertii provided a better understanding of variation in stomatal distribution in the leaves of individuals growing in two climatically different regions. This sampling strategy allowed us to test new hypotheses about variation in stomatal distribution, as advocated by Croxdale (2000) . Two such hypotheses were whether leaves of P. lambertii showed a well-defined pattern of stomatal distribution, and how that pattern changed with varying environmental conditions.
The stomatal distribution maps show well-defined patterns of stomatal distribution in the leaves of P. lambertii individuals growing at the two study sites. The patterns identified in the maps were confirmed by extensive population-level sampling and support the hypothesis that the species' stomatal distribution can change with varying environmental conditions. In turn, this constitutes important evidence that variation in stomatal distribution can be a plastic strategy in the face of environmental change. In the leaf regions with the highest stomatal density, the stomatal index was also higher. This indicates that in addition to a denser concentration of stomata, these leaf regions also produced a relatively higher proportion of stomatal cells in relation to common epidermal cells. Stomatal density and stomatal index in the C region were not significantly different between the north-eastern and southeastern populations. The C region, located midway between the leaf base and apex, and midway between the midrib and leaf margin, is commonly used in studies of stomatal properties. If we had had no previous information on the stomatal distribution of P. lambertii and had only sampled the C region, the result would not have been an accurate reflection of reality, since it would have incorrectly indicated no difference between individuals growing at the two study sites.
As shown, individuals collected from the two study sites differ in both stomatal density and stomatal index in the MR and M leaf regions. Podocarpus lambertii individuals growing in the warmer, drier climate have higher stomatal density and higher stomatal index than individuals growing at the colder, rainier site. Leaves with higher stomatal density and/or higher stomatal index are generally associated with more stressful environmental conditions, e.g. sites with higher temperatures (Beerling and Chaloner, 1993; Ferris et al., 1996; Bedetti et al., 2011; Dinis et al., 2011) and lower water availability (Fraser et al., 2009; Boughalleb and Hajlaoui, 2011) . Variation in stomatal density is so sensitive and plastic that even within the same forest type, trees in the understorey, where the microclimate is more favourable, show lower stomatal density than emergents of the same species (Sanches et al., 2010) . Leaves with higher stomatal density of small stomata appear to favour plants in stressful environmental conditions. Smaller guard cells allow plants to open and close stomata more quickly, and to control them more precisely (Hetherington and Woodward, 2003) . This same correlation was observed in P. lambertii.
The stomatal density and stomatal index data for P. lambertii thus indicate that the north-eastern population faces more severe water stress. A higher leaf mass per area is also expected in leaves of individuals that inhabit drier and more limited resource environments (Wright et al., 2002; Cornelissen et al., 2003) , as found in leaves from the north-eastern population. This conclusion is corroborated by the wood anatomy data. The shorter, smaller diameter tracheids in north-eastern individuals are safer (less likely to develop embolisms) than those in south-eastern individuals, based on the trade-off between efficiency and safety in conduction (Zimmermann, 1983) . They also theoretically conduct on average 2 . 8 times less water than the tracheids in south-eastern individuals. Conductivity in tracheids, however, does not only depend on cell dimensions. Because these are imperforate cells, water flows through bordered pits, resulting in greater resistance to conductivity. So-called end wall resistance represents up to 64 % of total resistance to water conduction (Sperry et al., 2005; Pittermann et al., 2006) , and this could change the ratio between conductances we observed in P. lambertii. Although tracheid conductivity probably does not differ by the calculated order of magnitude, it is significantly greater in the population growing in a wetter climate.
The PCA revealed that xylem plasticity and stomatal plasticity are precisely regulated. This is reflected by the negative linear relationships between tracheid lumen diameter and stomatal density, and especially between lumen diameter and stomatal index. It is important to note that these correlations were only found in the MR and M regions, and not in the C region.
This correlation between anatomical wood and leaf variables in P. lambertii is similar to that found in some angiosperm species, such as Triticum turgidum (Bresta et al., 2011) , Fagus lucida (Fei et al., 1999; Fang et al., 2000) , Sessea corimbifolia (Lindorf, 1997) and Dodonaea sp. (Shtein et al., 2011) . We found no such correlation previously reported in the literature for conifers. It appears that this plastic strategy to selective pressures of the environment has been adopted by both angiosperms and conifers, despite the differences in their conducting architecture.
While the data support the hypothesis that changes in the stomatal distribution pattern are a plastic strategy for facing environmental changes, the role of variation in stomatal distribution remains unclear. Because stomatal density and stomatal index in the leaves of P. lambertii varied in specific regions of the leaf (MR and M), it is possible that those regions have similar hydraulic proprieties which are different from those in the C region. It would appear that precise control of evapotranspiration in the C region is not vital for the species, since no differences in stomatal density or stomatal index were observed there. This may be evidence of stomatal patchiness in P. lambertii, since stomatal characteristics of MR and M are significantly different from those of C. Although patchy stomatal conductivity is a dynamic phenomenon with a short period from minutes to a few hours (Mott and Peak, 2007) , the stomatal distribution pattern found in P. lambertii may represent a basic structure in which patch conductance occurs.
These differences in plastic regulation between different regions of the leaf may be related to the distribution of conducting tissue present in the mesophyll. As seen in P. lambertii, the stomata only occur in the portion of the epidermis immediately below the transfusion tissues and transfusion accessories. This relationship between the mesophyll and stomatal distribution was recently reinforced by the discovery of the function of the STOMATOGEN gene. That gene, which is responsible for determining stomatal density in the epidermis, is expressed in the mesophyll and the encoded peptide travels to the epidermis via the apoplast (Sugano et al., 2010) , where it may have a local effect. However, this hypothesized relationship between stomatal density in the epidermis and the conducting tissue in the mesophyll of P. lambertii leaves remains to be tested.
Considering the accepted past distribution expansion/contraction of P. lambertii in Brazil during the Quaternary (Ledru et al. 2007 ) and the data presented in this research, it is not clear if those plastic trends found in leaves and wood of this species are only environmentally dependent, or if they are already a genetic adaptation. Although this is a relevant question, the data sampling design in this work allows only the proposed questions to be answered. In order to define if the plastic trends are already a genetic adaptation, a new experimental design should be established for a future study, such as seeding individuals from both provenances in one common place.
Conclusions
Leaves of P. lambertii show a well-defined pattern of stomatal distribution. This pattern is plastic and can be modulated jointly with tracheid dimensions as part of the strategies that may permit the species to occupy a wide geographic distribution. Although these changes guarantee the species' survival in climatically less favourable sites, they probably inflict serious costs on individuals growing in hotter, drier environments.
Variation in stomatal distribution in the species appears to be closely correlated with the distribution of transfusion tissue and accessory transfusion tissue in the mesophyll. The regions of the leaf near the midrib and the leaf margin seems to have similar hydraulic proprieties which appear to be very important for controlling evapotranspiration, but this untested hypothesis requires further examination. 
